To study the relation between the human Na'-H' exchanger (NHE-1) and the renal brush border membrane (BBM) Na'-H+ exchanger, polyclonal antibodies to synthetic peptides representing a putative external (Ab-E) and an internal cytosolic domain (Ab-I) of human NHE-1 were generated in rabbits. Western immunoblot analyses indicated that both antibodies recognized a 97-kD protein in rabbit renal BBM but not basolateral membranes (BLM). Octyl glucoside-extracted rabbit renal BBM proteins also contained the 97-kD polypeptide as did a fraction eluted from an anion-exchange column with 0.2 M NaCl (fraction A). A fraction eluting between 0.2 and 0.4 M NaCI (fraction B) did not contain this protein. Prior reconstitution studies have indicated that Na'-H' exchange activity is higher significantly in fraction B than fraction A. Administration of NH4CJ for 3-7 d to rabbits, a stimulus known to increase renal BBM Na'-H+ exchange activity, did not result in a change in expression of the 97-kD protein in either renal BBM or BLM.
Introduction
In 1989, Sardet and co-workers ( 1) isolated and sequenced a cDNA encoding a human Na'-H' exchanger. This exchanger has been called the "housekeeping" form of the Na+-H+ exchanger; a designation that reflects its wide distribution in tissues and its role in defense of cell pH. This exchanger, also designated NHE-1, can be differentiated on the basis of functional characteristics from the Na+-H+ exchanger present in the apical membrane of some transporting epithelia, such as the renal proximal convoluted tubule and the small intestine (2) . Subsequently, a number of groups have reported preliminary experiments indicating that the NHE-1 cDNA hybridizes to a single mRNA species in renal cortical tissue (3) (4) (5) . In initial experiments, a cDNA that is highly homologous to the housekeeping form ofthe Na+-H+ exchanger has been isolated from kidney. No studies to date, however, have examined the relative expression ofthis transport protein in renal tissue. The present experiments were undertaken to address this question. Affinity-purified polyclonal antibodies to synthetic peptides representing segments of putative extracellular and inner cytosolic domains of NHE-1 were generated in rabbits. These antibodies were used to study the expression of the antiporter in rabbit renal brush border membrane (BBM)' and basolateral membrane (BLM). In addition, detergent-solubilized BBM proteins and fractions separated by anion-exchange chromatography were also analyzed. Finally, the effect of systemic acidosis on the expression ofNHE-1 was determined by quantitative immunoassays.
Methods
The methods for preparation of BBM vesicles from the rabbit kidney and the procedures for solubilizing the membrane proteins have been described extensively in recent publications (6, 7) . In brief, BBMs were isolated from the cortex of the rabbit kidney by a magnesium aggregation method (6) . The kidney cortex was homogenized in a medium containing the following (mM): 254 mannitol, 10 Tris, 16 Hepes, and 10 MgSO4 (pH 7.5). The suspension underwent alternating low speed and high speed centrifugations. The resultant pellet was resuspended in homogenizing buffer to a final protein concentration of 10 to 20 mg/ ml. Membrane proteins were extracted by mixing one part ofthe membrane preparation (5 mg/ml) with 1.25 parts of 8% octyl glucoside at pH 6.0 for 15 min at 0°C (7) . Solubilized BBM proteins were separated by fast protein liquid chromatography (8) . Solubilized membrane proteins were applied to an anion-exchange column (Mono Q HR 5/5; Pharmacia Inc., Piscataway, NJ) and batch eluted with a solution containing 50 mM Tris, 0.1 mM EDTA, 0.1 mM DTT, 2% octyl glucoside, and 0.2 M NaCl (fraction A) followed by the same buffer containing 0.4 M NaCl (fraction B) at a rate of 1 ml/min. The eluted proteins were desalted on a Sephadex-G25 column before analysis.
BLM vesicles were isolated by a method previously described (9). Kidney cortex was homogenized in the following (mM): 250 sucrose, 10 Tris, 16 Hepes (pH 7.5), and 0.1 PMSF. The homogenate was centrifuged at 2,445 g for 15 min and the pellet was recentrifuged for 20 min at 24,400 g. The resulting upper layer was resuspended in homogenizing buffer. Percoll was added to a final concentration of 8% (vol/ vol) and the mixture was centrifuged for 35 min at 29,950 g. The fractions containing basolateral membranes as identified by the pres-1. Abbreviations used in this paper: Ab-E, antibody to synthetic peptide of external domain; AbI, antibody to synthetic peptide of internal (cytostolic) domain; BBM, brush border membrane; BLM, basolateral membrane.
ence of Na'-K' ATPase activity were ultracentrifuged for 60 min at 150,000 g. The pellet layering on top of the Percoll was removed and resuspended in homogenizing solution to a final protein concentration of 6 to 9 mg/ml.
The purity of the membrane preparations was determined by the activity of alkaline phosphatase, a marker of the BBM, and Na'-K'
ATPase, a marker ofBLM. These values were compared with the activities of these enzymes in homogenates ofwhole kidney cortex. Alkaline phosphatase activity was measured as described in Kahn et al. (10) . Na'-K+ ATPase activity was assayed by measurement ofouabain-sensitive phosphatase activity ofdeoxycholate-treated samples in the presence ofthe following (mM): 10 KCl, 5 MgSO4, 60 Tris-HCl (pH 7.8), and 6 p-nitrophenyl phosphate ( 11 ) . Enrichment factors (enzyme activities in membranes vs. whole homogenate) for alkaline phosphatase and Na'-K' ATPase averaged 9.8±1.0 and 1.4±0.6, respectively, in BBM and 1.5±0.5 and 15.2±3.4, respectively, in BLM.
Crude membrane preparations from PS 120 cells (Chinese hamster lung fibroblast cells deficient in all endogenous Na'-H+ exchangers [12] , which were kindly supplied by Dr. J. Pouyssegur, Nice, France) and rabbit brain and skeletal muscle were prepared by homogenization in iced buffer of 50 mM Tris and 0.1 mM EDTA (pH 7.5) containing 0.2 mM PMSF, 1 lg/ml antipain, 1 jg/ml aprotenin, 1 ug/ml leupeptin, and 0.1 mM DTT. The homogenate was then centrifuged at 800 g for 15 min. The supernatant was ultracentrifuged at 30,000 g for 60 min. The resultant pellet was used in Western immunoblot analysis after SDS-PAGE.
Western immunoblot analysis was performed by a modification of the method ofTowbin et al. ( 13 purified by repeated precipitations with 50% saturated ammonium sulfate and chromatography on DEAE Affi-Gel Blue to remove residual serum albumin and trace serum protease activity. Affinity-purified antibodies were prepared by chromatography on Affi-Gel 10 coupled to the original synthetic peptide using 3 M sodium thiocyanate. The affinity column-purified immunoglobulin fraction was dialyzed extensively against water to remove traces ofcyanide. The sample was then lyophilized until dry and resuspended in phosphate-buffered saline containing 0.02% sodium azide to an OD280 reading between 1 and 2. Western immunoblots of BBM were performed using serial dilutions of the affinity-purified antibody to determine the appropriate dilution for experimental studies for each batch of antibodies. The antibody dilution used in the data presented was . 1:500.
Protein concentrations were determined by the method ofLowry et al. ( 14) . Results of experiments are presented as the mean±SEM. Gels and autoradiographs are presented as representative experiments.
Results
Synthetic peptides corresponding to a putative external domain (E) and a putative cytosolic domain (I) of the human Na+ -H + exchanger were used to generate antibodies in rabbits ( 1 ) . In the ensuing discussion, the antibodies to these synthetic peptides are designated as Ab-E and Ab-I, respectively. As shown in Fig. 1 , Ab-I detected a protein ofapparent molecular mass of 110 kD, a size appropriate for NHE-1, in human red blood cells. This polypeptide was not detected using preimmune sera. Preabsorption of AMl with the antigen peptide reduced significantly the immunodetection of lO-kD band. Identical results in human red blood cells were obtained with Ab-E. Ab-E detected a 97-kD protein in rabbit renal BBM and a broad band at a somewhat higher apparent molecular weight in a crude membrane fraction of rabbit skeletal muscle (Fig. 2) . No proteins were detected using a crude membrane fraction from rabbit brain. Ab-I also detected a 97-kD protein in rabbit renal BBM but did not detect any proteins in crude membrane fractions from rabbit skeletal muscle or brain. Fig. 3 is a representative protein stain ofBBM and BLM and Western immunoblots using the two antibodies. Each of the antibodies recognized a single polypeptide of apparent molecular mass of 97 kD in BBM but not in BLM. Preimmune sera demonstrated no immunoreactivity to the 97-kD protein. In addition, rabbits immunized with keyhole limpet hemocyanin conjugated to other synthetic peptides unrelated to the NHE-1 also failed to demonstrate immunoreactivity to the 97-kD polypeptide. Fig.  4 is a Western immunoblot of BBM using both antibodies, which were preabsorbed by incubation with a 100-1,000 molar excess ofthe synthetic peptides. Preabsorption ofAb-E with the synthetic peptide corresponding to the external domain of the human Na+ -H + exchanger decreased significantly the recognition of the 97-kD proteins. By contrast, preabsorption of Ab-E with the synthetic peptide corresponding to the internal domain of the cloned Na+-H+ exchanger had no effect on the 1 kDU immunodetection of the 97-kD polypeptide. Conversely, preabsorption ofAb-I with the synthetic peptide corresponding to the internal but not with the synthetic peptide corresponding to the external domain of the NHE-1 decreased significantly the recognition of the 97-kD protein.
The antibodies to the synthetic peptides failed to identify any bands using Western immunoblot analysis of a membrane preparation of PS 120 cells. These cells derive from Chinese hamster lung fibroblasts and are deficient in all known Na+-H + exchangers. To exclude the possibility that the BBM preparation was contaminated with endothelial cells, Western immunoblot was performed on BBM using a monoclonal antibody to human von Willebrand factor (Boehringer Mannheim Diagnostics, Indianapolis, IN). This antibody failed to identify any bands in BBM. Taken together, these results indicate that BBM contains a protein of apparent molecular mass of 97 kD that is recognized by two independent monospecific antibodies to the human Na+-H+ exchanger.
In earlier studies from this laboratory, evidence has been advanced that Na+-H+ exchange activity can be demonstrated in octyl glucoside-extracted renal BBM proteins assayed after reconstitution of these proteins into artificial lipid vesicles (7) . In addition, fractionation of the solubilized membrane proteins by anion-exchange chromatography indicated little Na+-H+ exchange activity in a protein fraction eluting with 0.2 M NaCl (fraction A) (8) . By comparison, most of the Na+-H+ exchange activity was present in a more anionic fraction eluting between 0.2 and 0.4 M NaCl (fraction B). Fig. 5 (Fig. 6) , there was no significant difference in the amount of the 97-kD polypeptide in the BBM in experimental animals (n = 4) as compared with controls (n = 3). Identical results were obtained using Ab-E. The ratio of enrichment factors for alkaline phosphatase and Na+-K+ ATPase in BBM from control and experimental animals averaged 0.94±0.09 (P = NS) and 1.04±0.06 (P = NS), respectively. The ratio ofenrichment factors in BLM in control and experimental animals was 0.97±0.04 (P = NS) for alkaline phosphatase and 0.96±0.07 (P = NS)) for Na+-K+ ATPase. previous information is available, however, to indicate the level of expression of the protein in renal tissue or its membrane location. The relation between this housekeeping form of the Na+-H+ exchanger and the functionally well-characterized renal BBM Na'-H' exchanger also has not been established.
Discussion
To begin an examination of these questions, synthetic peptides representing putative external and cytosolic (internal) extramembranous domains of human NHE-I were used to generate monospecific antisera in rabbits. The amino acid sequence used to produce Ab-I differs between the rabbit and the human sequences in 1 amino acid position whereas that used to produce Ab-E is identical between the species ( 17). Both Ab-E and Ab-I detected a protein ofappropriate molecular weight in human red blood cells. AbI detected a 97-kD polypeptide in rabbit renal BBM but did not identify any proteins in crude membrane fractions of rabbit skeletal muscle or brain. Ab-E also detected a 97-kD band in BBM but, by contrast to Ab-I, detected a broad band at -97 kD in rabbit skeletal muscle. The recognition of a band on Western immunoblots of rabbit skeletal muscle by Ab-E but not Ab-I may indicate that the amino acid difference in the peptide sequence used to generate AbI is a critical antigenic determinant. The reason for the failure of both antibodies to detect NHE-1 in brain is not known but may be related to the level of expression of the transporter in brain tissue.
One striking result ofthe present studies was the demonstration that both antipeptide antibodies to human NHE-1 recognized a 97-kD protein in BBM of the rabbit. Preimmune sera contained no antibodies to the 97-kD protein and preabsorption of the antisera with the specific peptide antigen prevented immunologic recognition of the 97-kD polypeptide in BBM. The findings that antibodies raised to different domains recognize a protein of the same apparent molecular weight provides presumptive evidence that the antibodies recognize the same protein. Western immunoblots were performed using a membrane preparation from PS120 cells, which are Chinese hamster lung fibroblasts deficient in all Na+-H+ exchangers. Neither of the antisynthetic peptide antibodies recognized any polypeptides in the membranes of these cells. In preliminary experiments, BBM and BLM of LLC-PK, cells, cells known to contain a Na+-H+ exchanger highly homologous to that cloned by Sardet and co-workers ( 1, 3), were prepared by density gradient fractionation in sorbitol. Ab-I detected a doublet band of an approximate molecular mass of > 90 kD in both membrane fractions. A recent report by Sabolic et al. ( 18) using rat BBM and BLM indicates that both membrane preparations may be contaminated with endothelial cell membranes.
Several observations, however, would indicate that the present results are not the consequence of contamination ofthe membrane preparations with endothelial cells. The antibodies used in the present studies did not react with any proteins in BLM. A monoclonal antibody to von Willebrand factor also failed to react with BBM proteins. Taken together, it is suggested that rabbit renal BBM contains a 97-kD antigen with epitopes common to the human Na'-H' exchanger.
In preliminary histocytochemical studies, the antipeptide antibodies failed to detect proteins in any tubule segments. The reason for the differences in the ability to detect specific proteins using histochemical techniques versus Western immunoblot analyses is not known but similar disparities have been documented in other systems using other antibodies. It is possible that the level of expression of antigen is too low to be detected by histochemical methods. A preliminary report by Biemesderfer et al. ( 19) using an antibody generated against a fusion protein to NHE-1 indicated no reactivity to BBM of the rabbit kidney by indirect immunofluorescence. Some reactivity was §een in the BLM of juxtamedullary proximal tubules and in more distal nephron segments. These results contrast with those of the present experiments. The reasons for this seeming disparity are not known. Different antigen peptides were used in the two studies. In addition, antibodies to the fusion protein were raised in guinea pigs in the experiments of Biemesderfer et al. (19) whereas the antipeptide antibodies used in the present studies were raised in rabbits. Finally, in preliminary indirect immunocytochemistry experiments in the kidney of the rat using a similar, but not identical fusion protein, no labeling of either BBM or BLM of any nephron segments was detected. Ofinterest, only the vascular smooth muscle was labeled by the antibody to the fusion protein. This distribution of immunofluorescence was also seen using AM. Clearly, additional studies will be required to clarify these results.
Neither Ab-E or Ab-I reacted with proteins in rabbit renal BLM. The failure of the antibodies to identify a protein of molecular weight appropriate to NHE-1 in the BLM of the rabbit perhaps is not a surprising finding. Studies by others indicate that isolated renal BLM do not demonstrate Na'-H' exchange activity (20) . As noted above, preliminary immunohistochemical studies in the rabbit using an antibody to a fusion protein of NHE-1 suggest that this transporter is localized to BLM of segments of juxtamedullary proximal convoluted tubules and in more distal nephron segments ( 19) . A recent study by Krapfand Solioz (21 ) using reverse transcription and the polymerase chain reaction indicate that the mRNA for NHE-I is expressed in SI and S2 segments ofjuxamedullary nephrons in the kidney ofthe rat. The mRNA is expressed only weakly in midcortical proximal tubule nephrons, is not expressed in superficial proximal tubules, but is expressed in more distal nephron segments. In the present studies, the membranes were prepared from the superficial cortex of the rabbit kidney. If the distribution of the transporter in the kidney of the rabbit is similar to that of the rat, it would appear that the amount of NHE-1 protein in our BLM preparation is too low to detect.
Additional studies were undertaken to examine the relation between recognition of the 97-kD protein by the antibodies and functional expression of Na'-H+ exchange activity in the BBM. Earlier studies from this laboratory have indicated that octyl glucoside-extracted BBM proteins demonstrate Na'-H+ exchange activity when reconstituted into artificial lipid vesicles (7) . Given that the starting material was renal BBM and that the regulation ofthis solubilized exchanger by specific protein kinases was similar to that observed in native apical membrane vesicles, it has been assumed that the reconstituted activity represents the activity of the apical membrane form of the exchanger (22-25). Fractionation of renal BBM solubilized proteins by anion-exchange chromatography indicated that only the more anionic proteins, those eluting between 0.2 and 0.4 M NaCl (fraction B), demonstrate significant Na'-H' exchange activity (8) . The fraction eluting at lower salt concentrations (fraction A) had little transport activity. As determined by Western immunoblot analysis using both antibodies, the 97-kD protein was present in solubilized BBM proteins and in fraction A but not in fraction B. Thus, there is a dissociation between the majority oftransport activity and protein recognition by the antibodies in detergent-solubilized BBM proteins fractionated by ion-exchange chromatography. The precise explanation for these findings is unclear but it might suggest that rabbit BBM contains at least two types of Na+-H+ exchangers; one being the well-characterized BBM exchanger, the other being the NHE-1 form cloned by Sardet et al. (1) . There are, however, alternative explanations that could be considered. It is possible that fraction A, the fraction demonstrating little Na' -H+ exchange activity, contains naturally occurring inhibitors of the transporter. It is also possible, albeit unlikely, that despite the presence of protease inhibitors in the fractionation experiments the proteins in fraction B had undergone cleavage to smaller fragments that still express transport activity but no longer are recognized by either antibody. The location of the peptide sequences chosen for antibody preparation in relation to the overall primary structure of the human housekeeping form ofthe Na'-H' exchanger makes this possibility unlikely. On the basis of these considerations, we favor the tentative conclusion that rabbit renal BBM contains more than one form of Na'-H+ exchanger.
Systemic metabolic acidosis has been demonstrated to increase the maximum velocity of the BBM Na'-H+ exchanger ( 15) . Krapf et al. ( 16) reported recently that administration of NH4Cl to rats results in an increase in the steady state mRNA expression ofthe NHE-I form ofthe Na' -H + exchanger in the renal cortex as assayed by Northern and slot blot hybridization analysis. As determined by quantitative dot blot analysis, however, NH4Cl administration did not affect the expression of Na'-H' exchanger protein present in the BBM of the rabbit kidney. These results would appear to indicate that the demonstrated increase in BBM Na+-H+ exchange activity after systemic acidosis is not the consequence of an increase in the amount of the 97-kD polypeptide representing the NHE-1 exchanger. These findings also support the previous suggestion that the BBM contain two or more types of Na+-H+ exchangers. If this is the correct interpretation, it is recognized that the functional significance of the form or forms of Na'-H' exchanger(s) recognized by the antibodies in rabbit BBM and the relation between this transporter and the BBM Na'-H + exchanger remains to be determined. Several explanations may be considered for the apparent discrepancy between the results of the present experiments using antibodies and those of Krapf et al. ( 16) using a cDNA to NHE-1. First, there may be differences between species; studies comparable to those of Krapf et al. ( 16) have not been reported in rabbits. Second, Northern hybridization analysis does not provide precise tissue localization. It is possible, for example, that renal cortex of rat contains nontubule cells that have a high concentration of the mRNA for the human Na'-H+ exchanger. Finally, the demonstration that mRNA levels are altered does not provide direct information on the efficiency of translation of the protein in question.
Recently, Yamashita and Kawakita (26) reported results of experiments using solubilized bovine BBM and polyclonal antibodies to synthetic peptides representing domains of the NH2-or COOH-terminal ends of NHE-1. The peptide antigens used in this study differed from those used in the present communication. The antibody to the COOH-but not the NH2-terminal peptide recognized a 1l0-kD polypeptide in bovine BBM. As determined by a reconstitution assay, there appeared to be a correlation between Na'-H' exchange activity and recognition of the 1 I0-kD polypeptide on Western immunoblot analysis of chromatographic fractions of the solubilized proteins. These findings are not consistent with the findings of the present experiments. Aspects of the experiments of Yamashita and Kawakita (26) , however, render them difficult to interpret. No evidence was provided that transport was occurring into the vesicular space of the reconstituted proteoliposomes; that is, binding of sodium to the protein or lipid components of the proteoliposomes was not excluded. These experiments did not address the possibility that the uptake of sodium was the consequence of electrodiffusion due to generated potential differences and no data on the transport of hydrogen ions were provided. Thus, it was not established rigorously that the measured uptake of sodium represented Na'-H+ exchanger activity. The proposed correlation between transport activity and protein expression also is difficult to interpret given the fact that transport activity in the fractionation studies was expressed per volume rather than per mg protein and that there appeared to be a relation between transport activity and protein recovery. Finally, the source of the renal BBM, the detergent, and the lipids used for formation of the proteoliposomes in these experiments differed from that of previous and the present experiment reported from our laboratory.
Experiments published after the present studies were initiated by Orlowski and co-workers (27) in the rat and Tse and co-workers (28) in the rabbit indicate that there is a family of Na+-H+ exchangers that bear some homology to NHE-1. Of particular interest is the NHE-3 isoform cloned by Tse et al. (28) , which localizes to the kidney and selected portions ofthe small intestine suggested on the basis of functional studies to express BBM-type Na+-H+ transport activity. This isoform contains possible phosphorylation sites for a number ofprotein kinases known to regulate the activity of this transporter. Although additional information is required, this isoform is a candidate for the renal BBM Na+-H+ exchanger. The proposed amino acid sequence of NHE-3 is nearly identical to the amino acid domain of NHE-1 used to generate Ab-E in the present experiments. The amino acid sequence used for Ab-I, however, differs significantly. If it is accepted that rabbit renal proximal tubules do not contain NHE-1, as suggested by in situ hybridization studies in the rat, and do contain NHE-3, a fact yet to be established, it remains possible that additional isoforms of Na'-H' exchangers will be identified.
In summary, the results of the present experiments using monospecific antibodies to two separate domains of the recently cloned human NHE-1 provide evidence for the presence ofepitopes ofthis Na+-H + exchanger in rabbit BBM. The dissociation between recognition ofthe 97-kD protein using antibodies and the majority of functional Na'-H' exchange activity after chromatographic fractionation of solubilized BBM proteins and in native BBM after administration of NH4Cl suggests that rabbit renal BBM contains more than one form of Na+-H+ exchanger.
